Objective: Several mouse models of cardiac neural crest cell (NCC)-associated conotruncal heart defects exist, but the specific cellular and molecular defects within cardiac NCC morphogenesis remain largely unknown. Our objective was to investigate the underlying 2 H mechanisms resulting in outflow tract defects and why insufficient cardiac NCC reach the heart of the Splotch (Sp ) mouse mutant embryo. Methods: For this study we used in vitro cell culture techniques, in vivo mouse-chick chimeras, BrdU cell proliferation labeling, TUNEL labeling to visualize apoptosis and the molecular markers AP-2, Wnt-1 and Wnt-3a to characterize NCC morphogenesis in vivo. Results: Expression of the NCC marker AP-2 revealed an extensive reduction in migratory NCC, however the rates of cell proliferation 2 H and apoptosis were unaffected, and do not account for the Sp NCC-associated heart defects. Further expression analysis revealed that 2 H Wnt-1, but not Wnt-3a, is expressed at decreased levels within Sp and that the cardiac NCC fail to undergo normal NC stem cell proliferative expansion prior to migration while still in the neural folds. However, when placed into a wild-type matrix or a tissue culture all these data indicate that the Sp defect is intrinsic to the NC stem cells themselves and that there is a decrease in the number of pre-migratory cardiac NCC that form. It appears that this decrease in NCC number is the primary defect that ultimately leads to a lack of 2 H a cardiac NCC-derived Sp outflow tract septum.
However, there are several mammalian models of cardiac environment and that both cell proliferation and cell death NCC-related PTA in which experimental embryological rates are unaltered. Taken together this data suggests that 2 H studies can be performed: including Splotch Sp [5, 10] the genetic defect does not reside in the environment and Sp alleles [11] ; Patch [12] and PDGFa null receptor through which the cardiac NCC migrate, but within the 2 H ( [13] and Dickman et al., submitted); RXRa [14] ; RARa / Sp cardiac NCC themselves. RARb and RARa /RXRa double null mutants [15, 16] ; Nf-1 [17] and c-Jun [18] . Additionally, as all these mouse models incorporate a genetically based etiology, molecular 2. Methods analysis should provide evidence as to the genetic causation of these defects in humans. Despite the different 2.1. Breeding of mice and histological analysis genetic insults of all these mouse mutants, the relatively 2 H uniform phenotype of the conotruncal heart defects sugSplotch (Sp ) mutant mice are maintained by random gests that they may share a common developmental breeding on a mixed background comprising approximatemechanism. Prior to the colonization of the outflow tract of ly 50% CBA / Ca, 25% C3H / He and 25% 101 [5] . A 2 H the embryonic heart, pre-migratory cardiac NC stem cells breeding colony resulting from a single pair of Sp mice are initially formed and undergo a proliferative expansion was established at the Medical College of Georgia and within the dorsal-lateral walls of the forming neural tube after 14 generations of sibling matings, the mice derived (i.e. neural folds). Subsequently, the NCC cells undergo an from this pair, give rise to offspring that have approximate-
epithelial-to-mesenchymal transformation, delaminate from ly 91% Sp /Sp embryos with PTA and associated the neural tube and initiate migration towards their sites of interventricular septum defects at 13.5 days post-coitum terminal differentiation. Abnormal levels of cell death (dpc) (n534 / 37 embryos histologically examined had and / or cell proliferation, changes in cell fate and altered PTA). migration have all been proposed to account for these Females were paired with males overnight and were cardiac NCC-associated abnormal heart phenotypes. Howchecked for vaginal copulation plugs the following mornever, in the majority of these mutant mouse and chick ing. Embryos were designated 0.5 dpc on the morning of models, the specific cellular and molecular defects within finding a plug. Pregnant dams were sacrificed by cervical cardiac NCC development that are responsible for these dislocation from 8.5 to 13.5 dpc, uterine horns removed morphological abnormalities remain largely unknown.
and transferred to PBS (48C) and embryos subsequently There are six classical and irradiation-induced alleles of dissected free of the decidua. Tissue was collected for Splotch, all of which have mutations within the Pax3 genotyping, and embryos were either used immediately for Sp and Sp ; which all have mutations within the Pax3 paraformaldehyde / PBS (48C), dehydrated to 100% methatranscription factor [19] . Conotruncal heart defects within nol through a graded PBT (PBS10.1% Tween 20) series, 2 H the Sp mutant mouse result from a primary defect in a and stored at 2208C until used for in situ hybridization failure of the cardiac NCC to colonize the conotruncal and / or apoptosis analysis. The investigation conforms with ridges of the outflow tract. Using tract of the Sp mutant hearts, we sought to follow the All embryos harvested were genotyped using the polyinitial development of the NCC, by taking advantage of merase chain reaction (PCR) to identify the 32 base pair molecular markers known to be expressed by this cell 2 H deletion present in the Sp mutant allele of Pax3 [20] . For population during various stages of NCC expansion, 2 H this purpose, genomic DNA was extracted from a fragment emigration and migration. Sp mutant NCC survival was of embryonic tissue, or from the yolk sac, and PCR was assessed by determining whether altered cell proliferation performed using primers and conditions as described and / or cell death could account for the cardiac NCCpreviously [5] . related heart defect. Additionally, mouse-chick chimeras and cell culture techniques were used to determine whether 2 H the Sp NCC destined for the heart can migrate when 2.3. In vitro neural crest cell cultures provided with a wild-type matrix or a tissue culture 2 H environment. Significantly, our results show that the Sp To obtain embryos for cardiac NCC outgrowth cultures, 2 H mutant cardiac NCC fail to undergo normal NCC expanheterozygotes Sp mice were mated and embryos colsion, that this reduced population of NCC can migrate lected at 8.5 dpc, staged by counting somite number (only normally both in vitro and in vivo given a normal embryos having four to six somites were used as this is before initiation of NCC migration) and cultured essentialfolds were washed several times in PBS followed by ly as described [21] . The portions of the neural folds quenching in 10% fetal calf serum plus DMEM medium, containing the 'cardiac NCC region', the region from the then placed on un-coated clean glass coverslips and otic sulcus to the third somite as defined by Kirby et al. flooded with M199 medium (Cellgro) plus 10% fetal calf [22] , were removed from the embryo and placed in DMEM serum (Sigma). Explants were incubated at 378C with 5% medium (Cellgro) plus 10% fetal calf serum (Sigma). The CO for up to 72 h. Several isolated neural folds (n53) 2 rest of each embryo was simultaneously harvested for PCR were processed for histology in order to confirm that the genotyping. The cardiac NCC region was then treated with neural folds were explanted without any contaminating 1 mg / ml of collagenase type L (Sigma) in PBS for [5] [6] [7] [8] [9] [10] mesenchymal tissue (see Fig. 1a and b) . min as the surrounding mesenchyme was removed from Digital images of the cultures were collected at 24, 48 the neural folds using dissection with 25 Gauge needles and 72 h after isolation using a SPOT camera (Model and mechanical disruption with a pulled glass pipette that [1.1.0, Diagnostic Instruments, Inc.). NIH Image software was slightly larger than the neural fold. Isolated neural was used to measure and analyze the area of outgrowth as folds isolated from the cardiac NCC region of wild-type 1 / 1 (c-e), heterozygous (not shown) and homozygous 2 / 2 Sp mutant (f-h) embryos were 2 H cultured in vitro for 24, 48 and 72 h. Note that there is no significant difference the amount of outgrowth of NCC between wild-type and homozygous Sp mutant genotypes (schematically represented by double arrows). Abbreviation: Ex, explant.
described previously [23] . This was obtained by taking the Wnt-1, Wnt-3a and AP-2 [27] plasmids were linearized area of the entire explant and subtracting from it the area with an appropriate restriction enzyme and used as a of the dense central neural fold mass. In order to control template to generate both digoxygenin-labeled sense and for differences in migration area due to variations in the anti-sense RNA probes according to manufacturer's direc-2 shape of the explants, the area of outgrowth (mm ) was tions (Genius 3 kit, Boehringer Mannheim). divided by the perimeter (mm) of the explant. This RNA isolation and RT-PCR analysis was carried out at normalized number (in mm) is referred to as the migration 27, 30 and 33 cycles using the Wnt-1 and Wnt-3a primers, index and provides an estimate of the migration rate of the as described previously [5] . NCC. Statistical analysis were carried out using ANOVA.
Immunostaining was used to determine whether the cultured NCC expressed various differentiation markers. Washing, developing, and subsequent clearing / dehydration fluorescent marker DiI (Molecular Probes, Eugene, OR) at occurred as described for whole-mount in situ hybridizaa dilution of 40 mg / ml in DMEM medium (Cellgro) and tion [5] . then transplanted into stage 9 [24] normal chick host embryos that had undergone cardiac NCC ablation as previously described [22] . The rest of each embryo was 2.7. Whole-mount immunohistochemistry simultaneously harvested for PCR genotyping. After transplantation, the egg was sealed and incubated for a further
The roof plate of the neural tube / brain of 11.5-13.5 dpc 48 or 72 h before being fixed in 4% paraformaldehyde and embryos was opened and the epidermal ectoderm was photographed using the rhodamine filter on a BioRad removed prior to fixation (40 min in 1% crude trypsin MRC-1020 confocal microscope.
(Difco) at 48C), followed by mechanical stripping in All of the mouse-chick chimeras were subsequently DMEM (Cellgro) containing 10% fetal calf serum, in order processed and embedded in OCT mounting medium to allow antibody penetration. Embryos were subsequently (Tissue-Tek) for cryostat sectioning as previously defixed in 4% paraformaldehyde overnight. Embryos were scribed [25] . Serial transverse sections were cut at 25 mm then washed in PBT (PBS containing 0.5% Triton X-100) and collected on slides.
and endogenous peroxidase was blocked by incubation in 0.05% hydrogen peroxide. After washing embryos were 2.5. Sp mutant embryos (8.5-10.5 dpc) were analyzed by dilution (in PBS110% newborn calf serum11% Triton whole-mount in situ hybridization as previously described X-10010.02% azide). After removal of primary antibody [5] , and representative embryos were subsequently proand washing in PBT11% normal goat serum, secondary cessed for sectioning on a vibrating microtome [26] .
antibody was added and incubated at 48C overnight. Wnt-1 and Wnt-3a cDNA mouse probes were generated Secondary antibody: peroxidase conjugated goat antiby PCR amplification, using primers based on GenBank mouse IgG / IgM antibody (Jackson ImmunoResearch Labsequences (M11943 and X56842). Wnt-1-specific primers oratories, Inc.) used at 1:100 dilution (in PBS110% were designed to amplify the region between base pairs newborn calf serum11% Triton X-100). After washing, 242-261 and 1165-1185 giving rise to a 943-bp fragment.
color reactions were performed in diaminobenzidine (5 Wnt-3a-specific primers were designed to amplify the mg / 10 ml) and hydrogen peroxide. Embryos were cleared region between base pairs 129-151 and 944-966 giving in glycerol for analysis and photographed on a SV11 Zeiss rise to a 837-bp fragment. Amplified fragments were dissecting scope. Several representative embryos were cloned into pGEM-T vector (Promega) and sequenced to embedded in wax and sectioned as previously described confirm identity. [8] . Sp NCC have the ability to migrate in a normal fashion As the NCC-derived outflow tract septum fails to on glass cover-slips, we sought to determine their migrat- 2 H develop in Sp mice, the observed phenotypes suggested ory ability in vivo along the cardiac NCC migration a possible deficiency of cardiac NCC which may be related pathway, in order to determine where, if at all, do events to problems in cellular migration. We therefore sought to become abnormal during their migration to the outflow 2 H determine if the environment was hindering the Sp tract. cardiac NCC such that migration was affected, or whether
To visualize the migration of the cardiac NCC in vivo, the problem was intrinsic to the NCC themselves. To we constructed mouse-chick chimeras, which have previaddress this question, we isolated the portion of the neural ously been shown to be a reliable model to assess the fold (prior to NCC emigration) from the optic sulcus to the developmental potentials of both normal and mutant third somite which contains presumptive cardiac NCC mammalian cells [30, 31] . As NCC are known to follow Fig. 1c-e) , heterozygous (not shown) and homozygous the circumpharyngeal region and pharyngeal arches (Fig.  (Fig. 1f-h underwent relatively normal differentiation as these mutant Sp mutant grafts gave rise to DiI-labeled cells that were cardiac NCC expressed both neurofilament and a-smooth present in arches 3, 4 and 6 ( Fig. 2e-f ). Due the large size muscle actin markers, in a similar pattern and intensity to of the chick embryos, and that fact the NCC are dividing both the wild-type and heterozygous cardiac NCC (data as they migrate (thereby diluting the DiI label) -the DiI not shown).
marker could no longer be accurately followed after 72 h. However, a few DiI-labeled NCC (from wild-type, hetero- suggested that Sp NCC have the ability to migrate in a neural tube and during subsequent migration through the normal fashion, we sought to molecularly characterize extracellular matrix to the pharyngeal arches [27] . Given their migration in vivo, in order to specifically determine that AP-2 null mice show a NCC-deficient phenotypes 2 H where, if at all, cardiac NCC morphogenesis is abnormal. similar to the Sp mice, we questioned whether AP-2
In order to visualize the migration of the Sp cardiac may be mis-expressed in homozygous Sp mutants NCC, we had previously shown that these cardiac NCC [34, 35] . express a range of different mRNA transcripts during NCC In 9.5 dpc wild-type embryos, streams of AP-2 positive migration and differentiation [5] . To monitor the status of NCC could be seen emigrating from the neural tube and cardiac NCC emigrating from the neural tube and migratmigrating towards pharyngeal arches 1, 2, 3 and 4 and into ing through the extracellular matrix in vivo, we examined the face (Fig. 3a, b) . AP-2 appears to mark individual embryos for the expression of the AP-2 transcription NCC emigrating and migrating from the neural tube, and factor, which is expressed at 8.5 dpc in the dorsal neural two streams of AP-2 positive cardiac NCC were detected within pharyngeal arches 3 and 4, as well as the circuming from the neural tube and migrating towards pharyngeal pharyngeal region (n58). This staining pattern was conarches 3 and 4. However, those AP-2 positive cardiac sistent with that previously reported for migratory cardiac NCC that were present, migrate approximately the same 2 H NCC [5] . In Sp homozygous mutant embryos (n511), distances and along the normal migration pathways as the fewer AP-2 positive cardiac NCC could be seen emigratwild-type littermates. Also note, that the intensity of AP-2 expression was not altered within pharyngeal arches 1 and normally occurs at a low level in arches 1 and 2, in the 2 and within the face, suggesting that the cranial NCC are circumpharyngeal region and within the somites at 9.5 dpc 2 H un-affected within the Sp mutant. (Fig. 4a, a9) . No significant differences in apoptosis were In 10.5 dpc wild-type embryos (n510), similar streams observed, either within the neural tube or along the cardiac of individually marked AP-2 positive cardiac NCC can NCC migration pathway among the three genotypes (wildseen emigrating from neural tube in two streams and type control littermates n53, heterozygous n55, and 2 H migrating into pharyngeal arches 3, 4 and 6, as well as the homozygous Sp mutant embryos n55). In fact, there circumpharyngeal region (Fig. 3c, d ). Both 9.5 and 10.5 was a decrease in apoptosis within the circumpharyngeal 2 H 2 H dpc heterozygous Sp embryos gave identical AP-2 region of the homozygous Sp mutant embryos (Fig. 4b , expression patterns to that of their wild-type littermates b9), suggesting that the apoptosis that is normally present 2 H (n523). However, in Sp homozygous mutant embryos is due to NCC cell death. This is consistent with the (n59), significantly fewer AP-2 positive cardiac NCC findings of normal patterns of apoptosis within cranial could be seen emigrating from the neural tube (Fig. 3d) , NCC in chick embryos [39] . and migrating towards the pharyngeal arches and outflow One day later in development at 10.5 dpc, when there is tract for the heart. Similarly, the distance migrated and already a dramatic reduction of cardiac NCC, no signifi- inhibition of apoptosis within both the Sp [37] and Sp to be expressed by NCC around the time of neural fold mutant embryos [38] .
closure [40] and may be essential for the initial expansion We sought to determine if mutant NCC selectively failed of NCC in the neural tube [36, 41] . Double homozygous to undergo sufficient cell proliferation. Upon comparing null Wnt-1 /Wnt-3a mutant embryos have a significant serial sections through both the mesenchyme adjacent to reduction within NCC-derived structures that do not seem the neural tube and the pharyngeal arches of 9.5 dpc to result from abnormalities within NCC emigration, wild-type control littermates (23.665.0; n53 embryos), migration, survival or differentiation but rather a lack of heterozygous (25.365.5; n53 embryos) and homozygous NCC expansion within the neural tube [36] .
2 H Sp mutants (24.864.0; n53 embryos), we observed no In 8.5 dpc wild-type embryos, Wnt-1 expression could overt difference in the mean (6S.E.M.) number of BrdUbe seen along the dorsal edge of the neural folds and labeled cells per 100 cells counted. As there is already an closed neural tube, and also in a broad band extending observable reduction of cardiac NCC, these results suggest dorsal to ventral just anterior to the midbrain / hindbrain that there is no overt decrease in cell proliferation that junction (Fig. 5a ). When 8.5 dpc wild-type (n56; Fig. 5a ) 2 H could account for the NCC-deficient phenotype. embryos were compared to homozygous Sp mutant Because cell proliferation was unaffected, we sought to littermate embryos (n59; Fig. 5a ) for the expression of determine if elevated apoptosis could account for the Wnt-1, there already was a significant decrease in Wnt-1 2 H observed deficiencies in cardiac NCC using the TUNEL expression within the homozygous Sp mutant embryos 59-end-labeling technique. As seen in Fig. 4 , apoptosis (arrow in Fig. 5a ). Similarly, when 9.5, 10.0 and 10.5 dpc 2 H Fig. 4 . Analysis of apoptotic cell death in wild-type and homozygous Sp mutant embryos. Whole-mount labeling of apoptotic cells in 9.5 dpc wild-type 2 H 2 H (a and a9) and homozygous Sp mutant (b and b9) embryos. Note that there is a decreased level of apoptosis within the Sp mutant circumpharyngeal region (asterisk in b and arrowhead in b9) when compared to wild-type littermate (asterisk in a). Also note that there are normal levels and patterns of apoptosis within the craniofacial region, but that the segmental pattern of cell death along the somites is disrupted consistent with previous results [45] . homozygous Sp mutant embryos (n524) were exneural tube, we also examined embryos for the expression amined, Wnt-1 expression was always reduced when of another known marker of NCC expansion, Wnt-3a. compared to either wild-type (n516) or heterozygous (n5 However, at all ages examined (8.5-10.5 dpc) the expres-21) littermates (Fig. 5b, c) . Vibratome sectioning revealed sion of Wnt-3a appeared unchanged within the homo-2 H that the Wnt-1 expression was restricted to a more dorsal zygous Sp mutant embryos (n58) when compared to 2 H region of the Sp mutant neural tube (Fig. 5e) , when either wild-type (n54) or heterozygous (n57) littermate compared to wild-type littermates (Fig. 5d) . Similarly, embryos ( Fig. 5f-i) . Semi-quantitative RT-PCR analysis using semi-quantitative RT-PCR, a 50% reduction in Wnt-1 also indicated that Wnt-3a mRNA levels were similar in 2 H mRNA levels was observed within both 9.5 and 10.5 dpc both 9.5 and 10.5 dpc control and homozygous Sp NCC fail to undergo normal NCC expansion and that this may have on neuronal derivatives and on neuronal cardiac is the initial event that will eventually give rise to the innervation of the cardiac outflow tract. Pax3 has recently cardiac NCC-related heart defects.
been shown to regulate the differentiation of peripheral neurons [42] and the Sp mutant is known to have abnor- Sp mutant, we also examined the possible affects this nerves were present in all 11.5, 12.5 and 13.5 dpc homozygous mutant embryos examined (n514). There to be prematurely polysialylated [50] . There are also excessive gap junctional vesicles within the Sp mutant was some disorganization, and most of the nerves were neural groove that may affect cellular adhesion [51] . reduced in size, but all were present within the expected 2 H Additionally, there are alterations of laminin, fibronectin, pattern in the Sp mutants ( Fig. 6a-d Sp mutant NCC also express all the known cardiac NCC similar abnormal heart phenotypes (PTA with associated molecular markers [5] . Interestingly, approximately 10% VSD), but there are also significant differences. Sp mutants 2 H have an abnormally thinned myocardium [47] which is not of the homozygous Sp mutant embryos have a complete-2 H 2 H present within the Sp homozygous mutant embryos [8] . ly divided heart (34 / 37 Sp homozygous mutant 13.5 dpc
Kip2
Additionally, there is an over-expression of p57 mRNA embryos had PTA) and survive to birth when they die within the Sp myocardium that is not present at within because of the severe neural tube defects. Taken together,
Sp (Wang and Conway, unpublished results). However, all these data indicate that once the Sp cardiac NCC apart from the similarity of Splotch phenotypes to the have emigrated from the neural tube, they can migrate chick cardiac NCC ablation model [6] , the effects of normally and can even form a functional septum if a neither mutation on the cardiac NCC morphogenesis has threshold level of cardiac NCC colonize the outflow tract been vigorously investigated. of the heart.
H
In this study, we set out to determine why the cardiac Similarly, the neuronal derivatives of the Sp NCC are 2 H NCC do not reach the outflow tract of the Sp mutant present, but in a reduced manner. Thus, the NCC defect hearts as previously reported [5] and whether the environappears to only affect some NCC-derived structures such 2 H as the outflow tract of the heart, thymus, thyroid, parament was hindering the Sp cardiac NCC such that thyroids and dorsal root ganglia [8] , but not the neuronal migration was affected, or whether the problem was 2 H intrinsic to the NCC themselves. Both the cell adhesion derivatives suggesting that the Sp mutation only affects molecules, N-cadherin and N-CAM which are important a subpopulation of NCC. Recently, Poelmann and Gittenfor the emigration of NCC [48] , are aberrantly expressed in berger-de Groot [55, 56] demonstrated that the ultimate fate Sp mutant embryos [49] and N-CAM has also been shown of a subpopulation of mesenchymal cardiac NCC is to undergo apoptosis in the outflow tract of the heart, and our capable of normal NCC expansion, emigration and migradata is consistent with the idea that it is that subpopulation tion but undergo extensive apoptosis along the migratory NCC-associated abnormalities, rather a lack of endocardial the 8.5 dpc mouse embryo within the dorsal part of the cushion formation results in absent semilunar valves [59] . neuroepithelium [57] , coincident with the site of Wnt-1 / Thus, although different genetic mouse mutant models Wnt-3a expression and NCC induction and expansion. It is may have phenotypically similar cardiac NCC-related heart also interesting to note that the expression pattern of Pax3 defects, the underlying abnormalities can occur at several is altered in the Wnt-1 /Wnt-3a double homozygous mutant different stages and even independently of NCC morembryos [29] , suggesting that there is either a direct or phogenesis. By comparing the effects of many different indirect control mechanism, but further studies are required genetic models of cardiac NCC-related heart defects, to determine the genetic hierarchy regulating NCC demouse mutant models should be able to provide evidence velopment. Wnt-1 /Wnt-3a double homozygous mutant as to the genetic causation and underlying mechanisms embryos have a drastic reduction in NCC derivatives, but responsible for these defects in humans. neither single mutant has a NCC-associated phenotype An alternative explanation of our data suggests that the 2 H [29] . As Wnt3a expression is unaffected by the Sp environment immediately surrounding the neural tube may mutation, this suggests that either the down-regulation of be inhibiting normal NCC morphogenesis, and that when expansion. Alternatively, the Sp mutation within Pax3 versican is over-expressed in the Sp somites and is may result in a gain-of-function aberrantly affecting the known to have an inhibitory effect on NCC migration regulation of Wnt-1 and thereby normal NCC expansion. A [53, 54] . However, the NCC-related heart and neural tube recent study has shown that Pax3-dependent transactivadefects within the Sp homozygous mutant embryo was tion is mediated by the C-terminus and that Pax3 tranrecently rescued using a transgenic approach. Over-expresscripts lacking a functional C-terminus / homedomain, sion of Pax3 in the neural tube and NCC indicated a cell 2 H which is absent within the Sp mouse, can result in autonomous role for Pax3 within the NCC, as Pax3-gain-of-function [58] . Using the Wnt-1 lacZ reporter deficient somites (over-expressing versican) do not seem to construct to mark migratory NCC, significantly fewer adversely affect NCC migration [11] , indicating that the marked migratory cardiac and trunk NCC (but not cranial abnormal matrix does not play a role within the Sp NCC-NCC) were observed within the Sp mouse embryos, but related defects. Our results are consistent with this data and the intense Wnt-1 transgene expression within the neural suggest that abnormal NCC-related heart defects within the 2 H tube was unaffected [31] . This may reflect differential Sp mutant allele are solely due abnormalities within the effects of the different mutations within the Pax3 alleles, early neural fold / tube, and not due to abnormalities within 2 H or the fact that lacZ expression may not precisely reflect the Sp matrix through which the cardiac NCC migrate. the normal expression levels of Wnt-1 mRNA.
However, we cannot yet exclude the possibility that the 2 H Neither elevated cell death or reduced rates of cell environment within the Sp neural folds / tube or immediproliferation along the migration pathway were present ately surrounding it is aberrantly affecting NCC induction 2 H within the Sp mutant, confirming that the molecular and within the neural folds / tube itself, resulting in the obmorphological NCC-deficiencies observed must be due a served abnormal NCC expansion. It is also possible that defect prior to cardiac NCC emigration. Additionally, the the reduced number of cardiac NCC may be due to contact 2 H 2 H environment through which the Sp mutant NCC migrate inhibition. That is, if Sp cardiac NCC cannot move into can support their survival. However, Pax3-expressing the migratory pathway, there may be no room for addition-NCC appear to undergo apoptosis within the Sp mutant al proliferation. A number of candidate molecules have embryo [37] . This suggests that mutations of either the been thought to play a role in NCC induction / expansion; paired or homeobox regions of Pax3 may give rise to including bone morphogenetic proteins (member of the different NCC morphogenetic abnormalities within the TGFb gene family of growth factors), slug, dorsalin-1, 2 H different Splotch alleles. The Sp [8] and Patch mutants Zic2 and growth factors such as bFGF (reviewed in Ref. [12] both have phenotypically similar conotruncal heart [60] ). Additionally, Wnt-1 has been shown to modulate defects but different genetic mutations, and both have cell-cell adhesion by stabilizing b-catenin binding to Nwidely different abnormalities within NCC morphogenesis.
cadherin, thereby influencing both cell boundary formation 2 H In contrast to the Sp mutants, Patch cardiac NCC are and cell proliferation [61] . Studies are currently underway
